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Extensive annual losses of honey bee colonies (Apis mellifera L.) reported in the northern hemisphere
represent a global problem for agriculture and biodiversity. The parasitic mite Varroa destructor, in as-
sociation with deformed wing virus (DWV), plays a key role in this phenomenon, but the underlying
mechanisms are still unclear. To elucidate these mechanisms, we analyzed the gene expression proﬁle of
uninfested and mite infested bees, under laboratory and ﬁeld conditions, highlighting the effects of
parasitization on the bee's transcriptome under a variety of conditions and scenarios. Parasitization was
signiﬁcantly correlated with higher viral loads. Honey bees exposed to mite infestation exhibited an
altered expression of genes related to stress response, immunity, nervous system function, metabolism
and behavioural maturation. Additionally, mite infested young bees showed a gene expression proﬁle
resembling that of forager bees. To identify potential molecular markers of colony decline, the expression
of genes that were commonly regulated across the experiments were subsequently assessed in colonies
experiencing increasing mite infestation levels. These studies suggest that PGRP-2, hymenoptaecin, a
glucan recognition protein, UNC93 and a p450 cytocrome maybe suitable general biomarkers of Varroa-
induced colony decline. Furthermore, the reliability of vitellogenin, a yolk protein previously identiﬁed as
a good marker of colony survival, was conﬁrmed here.
© 2017 Elsevier Ltd. All rights reserved.1. Introduction
The parasitic mite, Varroa destructor Anderson and Trueman, is a
major factor underpinning losses of honey bee colonies worldwide
(Nazzi and Le Conte, 2016). The mite co-evolved with the Asian
honey bee, Apis cerana, and does not cause signiﬁcant damage to
this species (Rosenkranz et al., 2010). However, in the last century,
V. destructor shifted hosts to parasitize the western honey bee, Apis
mellifera, and has gradually extended its distribution area to the rest
of the world (Rosenkranz et al., 2010). In the United States and
Europe, the mite causes signiﬁcant damage to A. mellifera pop-
ulations and is a major factor contributing to colony declines (Le
Conte et al., 2010; vanEngelsdorp et al., 2010), though African
subspecies of A. mellifera are able to tolerate Varroa infestationsZanni), dag5031@gmail.com
nnoscia), cmgrozinger@psu.
zi).(Muli et al., 2014).
The mites damage the colony, both directly and indirectly, by
feeding on the haemolymph of developing worker pupae and by
facilitating the transmission and virulence of viral pathogens
(Francis et al., 2013; Nazzi et al., 2012). The association between the
mite and deformed wing virus (DWV) is particularly tight (Di Prisco
et al., 2016) and widespread (Wilfert et al., 2016), making attempts
to separate the impact of these stress factors potentially difﬁcult.
Overall, damage caused by the mites accelerates maturation of
infested worker bees and reduces their lifespan, ultimately unbal-
ancing the colony's demographic structure and leading to dwin-
dling and collapse (Barron, 2015).
In the years following the introduction of V. destructor to the US
and Europe, commercially available acaricides allowed beekeepers
to control mite populations (Milani, 1999). However, widespread
use of these acaricides soon led to the selection and spread of
resistant mite strains (Milani, 1999). In order to develop sustainable
solutions, the genetic mechanisms that allow honey bees to detect
Varroa infested brood and remove diseased larvae (Spivak and
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experiencing negative effects (Martin and Medina, 2004; Navajas
et al., 2008) have been studied. Other approaches aimed at miti-
gating the effects of mite infestation on the bees through supple-
mentary nutrition or other external inputs, that may compensate
the detrimental effect of the mite (Alaux et al., 2010), have also
yielded promising results.
Any alternative control strategy for coping with this parasitic
challenge must be based on a detailed knowledge of the biological
effects of the mite on the honey bee physiology, in order to focus
the possible interventions on the most vulnerable components of
the system. Developing such intervention strategy requires highly
controlled lab studies, validation in ﬁeld colonies, and the ability to
be rapidly and precisely implemented at both levels.
The development of genomic tools in honey bees has consid-
erably facilitated the elucidation of the mechanisms involved in the
host-parasite interactions and has provided important tools to di-
agnose and manage bee diseases (Grozinger and Robinson, 2015).
Genomic studies allow a holistic approach, in which the physiology
of the whole organism can be studied and monitored by assessing
the proﬁle of the transcriptome in response to different conditions
or treatments. In addition to understanding how a stressor, such as
parasitization by Varroamites, may affect the bees' physiology (and
ultimately behaviour and lifespan), transcriptomic analysis can also
identify potential early markers of the stress response. This
approach can provide insights into how bees respond to Varroa
parasitization, thereby allowing us to develop new strategies to
mitigate the impact of the mite, and suggesting novel tools for
monitoring stress conditions in the ﬁeld, so that interventions can
be initiated early, before signiﬁcant damage has been caused.
However, the transcriptional proﬁle of an organism is inﬂuenced
by many factors, including age, environment (e.g. the social envi-
ronment of the colony), the time of day or season, and other
stressors (Grifﬁths et al., 2000). Thus, to understand the biological
impact of mite infestation and identify robust, ﬁeld-relevant
markers of the Varroa mite-induced stress, it is necessary to eval-
uate the transcriptomic responses to mite parasitization under a
variety of conditions and scenarios, and identify those transcrip-
tional responses that are consistent across these.
To deepen our knowledge on the biological effects of mite
infestation on the honey bee Apis mellifera, we studied the tran-
scriptomes of worker honey bees exposed to different mite infes-
tation levels under laboratory or ﬁeld conditions, in three separate
experiments. These results were mined to identify molecular and
physiological pathways impacted by Varroa infestation, and to
identify biomarkers of severe Varroa infestations in ﬁeld-collected
bees. We subsequently validated a set of potential biomarker
genes using honey bees collected from a different set of ﬁeld
colonies.
2. Materials and methods
2.1. Transcriptomic analyses
2.1.1. Experimental plan and biological material
Data were obtained from three different experiments (Fig. 1).
Experiment 1 was conducted in an isolated area of the Italian
Prealps, while Experiments 2 and 3 were carried out under lab
conditions with bees from the experimental apiary of the Univer-
sity of Udine. In all cases, bees were Apis mellifera ligustica x Apis
mellifera carnica hybrids.
In Experiment 1, pools of ten bees (referred to as “colony bees”)
were sampled in October from colonies where the overall infesta-
tion level was either low (in colonies where acaricidal treatments
had been applied) or very high (in colonies where no acaricidaltreatments were carried out).
In Experiment 2, 5th instar bee larvae were not infested or
artiﬁcially infested with one or three mites and subsequently
sampled at eclosion (these bees are referred to as “newly emerged
bees”). Newly emerged bees were sampled individually. In Exper-
iment 3, 5th instar bee larvae were not infested or artiﬁcially
infestedwith onemite and reared for two days after emergence in a
cage (these bees are referred to as “adult bees”). Adult bees were
sampled individually.2.1.1.1. Honey bees from high- and low-infested colonies (Experiment
1). Bees used for Experiment 1 were collected during the course of
a previous study carried out in 2012 (Nazzi et al., 2012). Two api-
aries, consisting of six colonies each, were set up at the end of April
in an isolated location (Porzus (UD), Italy; 46110 N,13200 E),1.6 km
apart from each other. Queens were local and naturally insemi-
nated, and all hives had been treated the previous year with acar-
icides to ensure very low starting populations of the parasitic mite
V. destructor at the beginning of the experiment. In one apiary, mite
populations were kept under control during the experiment by
treating the hives with prophylactic acaricides (the colonies of this
apiary are referred to as “low-infested colonies”). A thymol-based
product in tablets was used from mid-August to mid-September,
in presence of brood. In the other apiary, no acaricidal treatments
were carried out (the colonies of this apiary are referred to as “high-
infested colonies”). Note that sampling of bees from the experi-
mental colonies was carried out a few weeks after the end of the
summer treatment such that possible effect of the acaricides on the
bees used for the analysis were minimized. In August, one hive in
this apiary succumbed because the queen became drone layer, and
was not used in further analyses.
We chose to use two separate apiaries to generate the high and
low Varroa infestation colonies because Varroa mites can easily
move between colonies within an apiary via adult bees drifting
(Nolan and Delaplane, 2017). While there may have been limited
location-speciﬁc differences between the apiaries, these were
minimized by keeping the apiaries in the same geographic region
1.6 km apart and treating the colonies in the same way.
Mite populations were monitored on a monthly basis in all
colonies by assessing both the proportion of infested brood cells
(n¼ 100 cells) and the infestation of adult bees (nz 1000 bees). On
the same dates, the number of brood cells and the number of adult
bees were estimated: this allowed us to calculate the overall mite
infestation (Nazzi et al., 2012). Samples of bees were collected in
October when overall mite infestation was 35.7 ± 13.1 and
260.1 ± 117.9 mites per 1000 bees in the low and high-infested
colonies respectively. Pools of ten bees/colony (6 low infested and
5 high infested colonies) were collected from the young brood area
of each colony, transferred to the lab, and stored at 80 C for
subsequent RNAseq analysis.2.1.1.2. Infested and non-infested newly emerged bees (Experiment
2). Bee larvae were collected from brood cells that had been sealed
in the preceding 15 h and were placed into gelatine capsules
(6.5 mm) at 35 C, 75% R.H. with one, three or no mites previously
collected from highly infested honeycomb frames, according to
Nazzi and Milani (1994). Both bees and mites came from bee col-
onies maintained in the experimental apiary of the Dipartimento di
Scienze AgroAlimentari, Ambientali e Animali of the University of
Udine (4604053.300 N 1312033.100 E). After 12 days, upon reaching
the adult stage, eclosing bees were sampled and stored at 80 C
for subsequent analysis. Five bees from each of the three experi-
mental groups were processed individually.
Fig. 1. Experimental plan. The bees used for the transcriptomic analyses where both pools of bees from high and low mite infested colonies (experiment 1) and uninfested or mite
infested individual bees, reared under lab conditions and sampled at eclosion (experiment 2) or after 2 days in cages (experiment 3).
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Non-infested and infested bees were prepared as in Experiment 2
but upon reaching the adult stage, they were transferred into
plastic cages maintained at 35 C, 75% R.H. and provided with sugar
candy and water ad libitum. After 48 h, 4 bees from each of the two
experimental groups were sampled and stored at 80 C for sub-
sequent RNAseq analysis.2.1.2. RNAseq
Samples used for the analysis (pooled whole bees for Experi-
ment 1 or individual whole bees for Experiments 2 and 3) were
transferred into liquid nitrogen and used for total RNA extraction by
means of Tri-reagent (Ambion®, TermoFisher™ Scientiﬁc, United
States). RNA was processed at the IGA Technologies S.r.l. labs
(Udine, Italy) using the TruSeq mRNAseq sample prep kit (Illumina
Inc., United States), starting from 2 mg of total RNA per sample. The
standard mRNA sample prep from Illumina was used to produce 36
bp long tags, about 25e30 millions per sample. The sequencing
reads were pre-processed by removing the adaptor sequences and
low quality reads using Trimmomatic (Bolger et al., 2014). The
remaining reads were aligned to the most recent honey bee
genome build (Amel 4.5: Elsik et al., 2014), using Tophat2 (Trapnell
et al., 2012) and annotated with the newest ofﬁcial gene set (OGS
3.2). Read counts for each gene were imported into R (http://www.
r-project.org) for further analyses. Genes with fewer than 10 reads
across all samples were removed from the analyses. The read
counts were normalized using a trimmedmean of m-values (TMM)
method. A generalized linear model (through the edgeR package in
R (Robinson et al., 2010)) was used to identify differentially
expressed genes (DEGs) between the treatment groups for each of
the three experiments. Genes with false discovery rate (FDR) < 0.05
were considered as differentially expressed between treatments.
For each list of signiﬁcantly differentially regulated genes, we
conducted a gene ontology analysis to determine if any biological or
functional category of genes was signiﬁcantly overrepresented
using DAVID Bioinformatics Resources 6.7 (Huang et al., 2009a,
2009b). To conduct this analysis, the Drosophila melanogaster
orthologs of the DEGs were identiﬁed using BLAST (Altschul et al.,
1990) with an e-value cutoff of 1  105.2.1.3. Determination of viral infection level in the transcriptomic
analysis samples
To determine virus levels, each pre-processed sample was
aligned to a panel of the most common honey bee viruses (Chen
and Siede, 2007) using the protocol described in the previous
paragraph. The read counts for each ﬁle were imported into R and
normalized based on library size. A standard least squares ANOVA
with a Tukey post hoc test was used to determine the signiﬁcant
changes in viral expression.2.2. Validation of selected molecular markers (Experiment 4)
2.2.1. Experimental plan and biological material
Our results revealed that several genes related to immunity and
stress response were signiﬁcantly up-regulated in both colonies
with high infestation levels (Experiment 1) and infested individual
bees (Experiments 2e3), thus the expression of these genes may
relate to a core stress response to Varroa mite parasitization. To
determine if these expression changes were robust and could serve
as potential biomarkers of mite-induced colony decline, we used
quantitative real-time PCR (qRT-PCR) to assess expression levels in
bees collected from a different set of eight colonies maintained in
the same experimental apiary of the Dipartimento di Scienze
AgroAlimentari, Ambientali e Animali of the University of Udine.
These colonies were not treated with acaricides to observe the ef-
fects of an increasing mite infestation.
For this study, bees were collected from the same colonies in
two different periods: June, when mite infestation is low, and
October, when the infestation reaches the maximum level under
these environmental conditions. In June, mite infestation in the
experimental colonies - as assessed by counting the number of
mites in 200e700 recently capped brood cells (0e15 h before) in
each of the eight colonies - was on average 0.24 mites/100 cells. In
October, 298 and 353 brood cells were inspected in two of the eight
colonies, resulting in 21.8 and 68.1 mites per 100 cells, respectively.
Furthermore, 5 of the 8 colonies did not survive thewinter, which is
consistent with the impact of high Varroa infestation (Nazzi et al.,
2012).
On planning this latter experiment, we decided to assess the
effect of infestation by comparing bees from colonies at two times
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the robustness of these biomarkers. In fact, in the ﬁrst ﬁeld
experiment (Experiment 1) different colonies were sampled at the
same time point so that any season effect could be excluded;
however, possible colony and treatment effects could play a role.
Instead, in the second ﬁeld experiment (Experiment 4), we tested
the response of bees from the same colony at low and high infes-
tation levels as observed at two different time points thus
excluding possible colony or treatment effect while accepting a
possible season effect.
For the quantitative real-time PCR (qRT-PCR study), pools of 10
bees were collected from the centre of each colony at each sampling
period and stored at80 C. All bees used for the analysis were Apis
mellifera ligustica x Apis mellifera carnica hybrids. We selected nine
transcripts based on their biological function and the magnitude of
the expression difference observed between high- and low-
infested colonies in Experiment 1 (see Table 1 for a list of genes
and primers). Additionally, we monitored expression of vitelloge-
nin (Vg), which was differentially expressed in Experiments 2 and
3; furthermore, Vg has been observed to exhibit signiﬁcant
expression differences in previous studies comparing bees
collected from surviving and non-surviving colonies in the ﬁeld
(Dolezal et al., 2016; Smart et al., 2016). Primers were designed
using Primer3 (Koressaar and Remm, 2007; Untergasser et al.,
2012); elf-S8 (Grozinger et al., 2003) and GAPDH- 1 (Huang et al.,
2012) were used as housekeeping genes. We conﬁrmed high efﬁ-
ciency ampliﬁcation of the primers using our qRT- PCR conditions.
Molecular analysis was carried out at Pennsylvania State Uni-
versity (University Park, PA).
For each sample (eight samples from colonies with low infes-
tation collected in June and eight samples from the same colonies
with high mite infestation collected in October), the whole bodies
of 10 individual bees were pooled and homogenized using a Fast-
Prep® (Savant™TermoFisher™, United States) homogenizer. Total
RNA was extracted from each pool, according to the procedure
provided with the RNeasy Plus mini kit (Qiagen®, Germany). The
amount of RNA in each sample was quantiﬁed using a NanoDrop®
spectrophotometer (ThermoFisher™ Scientiﬁc, United States) and
the quantity and quality was veriﬁed using a Bioanalyzer (Agilent
Technologies inc., United States). cDNA was synthesized starting
from 150 ng of RNA following the manufacter speciﬁcations
(Ambion®, ThermoFisher™ Scientiﬁc, United States). AdditionalTable 1
Transcripts validated by means of q RT-PCR and associated primers designed using
Gene Class
Hymenoptaecin (Aronstein et al., 2012) Antimicrobia
Apidaecin 73 like Antimicrobia
S. Alvi complete genome Gut symbion
Zinc ﬁnger protein 717 Regulation of
PGRP-S2 Toll pathway
p450 6AS10 (CYP6AS10) Cuticle forma
Stress respon
UNC 93 Toll pathway
Beta-1,2-grp2 Immune resp
eIF-S8 (Grozinger et al., 2003) Housekeepin
GAPDH-1 (Huang et al., 2012) Housekeepinnegative control samples, containing RNAase free water alone and
“no RT enzyme”, were included. Each sample was analyzed in
triplicate using qRT-PCR with the primers reported in Table 1, using
SYBR® green dye (Ambion®), according to the manufacturer spec-
iﬁcations, on an ABI prism® 7900 sequence detector (Applied Bio-
systems™, United States). Relative gene expression data were
analysed using the 2D DCt method (ABI User Bulletin #2, 1997;
Livak and Schmittgen, 2001). Wilcoxon signed rank test was used
for the statistical analysis of the normalized gene expression data.3. Results and discussion
3.1. Transcriptomic (RNAseq) analyses
3.1.1. Honey bees from high- and low-infested colonies (Experiment
1)
The RNAseq analysis demonstrated that there was a substan-
tially higher proportion of reads mapping to DWV in bees collected
from colonies with high versus low infestation levels (Fig. 2).
The comparison between samples collected fromhigh- and low-
infested colonies identiﬁed 174 signiﬁcant (p < 0.01) DEGs (see
Supplementary Material Table S1). Of these, 126 were up-regulated
while 48were down-regulated in high-infested colonies. Only 65 of
the DEGs had Drosophila orthologs and were used for a gene
ontology analysis; but no signiﬁcantly enriched ontology category
was identiﬁed. However, many DEGs that were found to be
signiﬁcantly up-regulated in bees from high-infested colonies play
a role in immune defence. The up-regulation of these genes could
be due to the wounding of the cuticle by the Varroa feeding, sec-
ondary infections developing at this site, or the increased viral ti-
ters in Varroa infested bees that was conﬁrmed here.
Bees from high-infested colonies showed upregulation of two
genes, GB51223 and GB51306, encoding the antimicrobial peptides
(AMPs) hymenoptaecin and apidaecin, respectively, whose up-
regulation had already been observed in presence of Varroa
(Kuster et al., 2014). Up-regulation of AMPs is a common feature of
the transcriptomic response of honey bees to various biotic
stressors including gram positive and negative bacteria and fungi
(Evans et al., 2006; Gregorc et al., 2012). Viral infection has also
been found to modulate levels of AMPs in several studies, but the
mechanism underlying this effect is very complex and requires
further investigations (Danihlík et al., 2015).Primer3.
Primer sequences
l peptide F: ATGGATTATATCCCGACTCG
R: TCTAAATCCACCATTTATTCC
l peptide F: TTTGCCTTAGCAATTCTTGTTG
R: GGTGGTCTTGGTTGTGGAAT














g gene F: TGAGTGTCTGCTATGGATTGCAA
R: TCGCGGCTCGTGGTAAA
g gene F: GCTGGTTTCATCGATGGTTT
R: ACGATTTCGACCACCGTAAC
Fig. 2. Proportion of DWV mapped reads in high and low infested colonies. The proportion of DWV mapped reads in bees from high infested colonies was signiﬁcantly higher than
in bees from low infested colonies.
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peptidoglycan recognition protein that functions as pattern-
recognition and effector molecule in innate immunity (Dziarski
and Gupta, 2006), while another gene (GB45779) encodes for a
UNC93-like protein, which is involved in the innate immune
response by regulating Toll-like receptors signalling (Kim et al.,
2008). Finally, another DEG (GB42981) encodes a beta1,3-glucan
recognition protein that stimulates prophenoloxydase activation
and melanization, which is important for wound healing and
encapsulation (S€oderh€all and Cerenius, 1998).
Interestingly, high infestation levels were also associated with
the signiﬁcant up-regulation of two genes encoding for nicotinic
acetylcholine receptors (GB53427, GB53428). Acetylcholine is a
neuro-receptor involved in muscular contraction, and is also part of
a neural circuit regulating immunity (Olofsson et al., 2012). In the
cholinergic anti-inﬂammatory pathway, acetylcholine binds to
nicotinic acetylcholine receptor subunits, inhibiting the phos-
phorylation of NF-kB inhibitors and other signalling cascades. In
mammals, this inhibition leads to the inhibition of pro-
inﬂammatory cytokines release, regulating the magnitude of the
host response to infection or injury (Tracey, 2009).
In honey bees, it has been shown that some neonicotinoid in-
secticides, agonists of nicotinic acetylcholine receptors, have the
potential of disrupting the delicate balance of host-virus in-
teractions orchestrated by NF-kB, resulting in viral ampliﬁcation (Di
Prisco et al., 2013).
An interesting transcript which was up-regulated in bees from
high-infested colonies corresponds to the Snodgrasella alvi com-
plete genome, a symbiotic gut bacterium. In our study, all the
infested bees, from both the ﬁeld and cage studies, showed a sig-
niﬁcant up-regulation of transcripts from the S. alvi genome in
comparisonwith the uninfested ones (see data from Experiments 2
and 3 below). Previous studies investigating the composition of
bee's coremicrobiota found that A. melliferaworkers eclosewithout
core resident bacteria and with a few bacteria of every kind
(Gilliam, 1971; Martinson et al., 2012) and develop a stable mi-
crobial community by day 4e6 after exposure to the natural hive
conditions (Powell et al., 2014; Anderson et al., 2015). This was
certainly possible for bees from the ﬁeld study but more difﬁcult for
those from the cage studies, since they were collected at the L5
stage and transferred to the lab until eclosion and sampledimmediately after, in the case of newly emerged bees, or main-
tained in cages until sampling, in the case of adult bees. However, it
has been shown that L5 larvae can harbor bacteria from the family
Neisseriaceae (Vojvodic et al., 2013). Our results suggest that the
presence of themitemay serve to spread the bacteria from the shed
integument and gut intima within the cell, thereby more readily
contaminating the emerging adult bee before eclosion. Further
studies are necessary to elucidate the route of acquisition of this
microorganism and its possible role in infested bees in light of
recent evidence regarding the role of gut bacterial species in the
defence against bee parasites experimentally demonstrated in
Bombus terrestris (Koch and Schmid-Hempel, 2011) and hypothe-
sized in A. mellifera (Kaltenpoth and Engl, 2014). Furthermore, other
studies highlighted a positive contribution of symbiont microor-
ganisms in activating stress responses in insects (De Souza et al.,
2009; Evans and Lopez, 2004). However, the observed increase in
Snodgrassella reads could also be linked to a reduced immune
response in Varroa parasitized bees resulting in a shift of the
equilibrium between host and symbiont bacteria.
Expression levels of some genes encoding cytochrome P450s
were signiﬁcantly increased in bees from high-infested colonies
(i.e.: 314A1, GB45725; 6AS10, GB48738; 6AS10, GB40285). P450s
play multiple metabolic roles and are important for their detoxiﬁ-
cation activity against natural and synthetic toxins (Feyereisen,
2005; Johnson et al., 2012). In general, due to their role in detoxi-
ﬁcation, P450s genes appear to be up-regulated upon exposure to
abiotic stressors such as insecticides and acaricides (Feyereisen,
2005; Li et al., 2007). However, in our study, the up-regulation
was observed in bees from high-infested colonies that had not
been treated with acaricides, and thus this upregulation should be
related to other factors.
P450 314A1 is involved in the ecdysteroid pathway and its up-
regulation in starved bees with small hypopharyngeal glands was
observed (Corby-Harris et al., 2016). The up-regulation of this gene
in bees infested by Varroa suggests an impairment of nutritional
uptake associated to the parasitization.
The transcriptome of bees from high-infested colonies included
other DEGs related to behavioural maturation. Previous studies
showed that mite parasitization could cause behavioural modiﬁ-
cations in infested bees with subsequent detrimental effects at the
expense of the whole colony. Infested bees are less active than
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caring activity (Annoscia et al., 2015). One of the DEGs identiﬁed in
our study was Krueppel homolog-1 (Kr-h1 GB45427), a transcrip-
tion factor involved in the juvenile hormone pathway in bees and
other insects whose expression is signiﬁcantly higher in foragers
than in nurse bees (Amsalem et al., 2015; Grozinger and Robinson,
2006). The up-regulation of Kr-h1 in worker bees from high-
infested colonies suggests that behavioural maturation of the
bees in these colonies may be accelerated. Similarly, the differential
expression of other genes involved in circadian clock related be-
haviours may be related to accelerated behavioural maturation (i.e.
GB52078: period circadian protein, per; GB42798: circadian clock
controlled protein; GB42704: takeout like protein) since increased
expression of per is associated with foraging behaviour (Bloch et al.,
2001).
Many genes involved in metabolism were also signiﬁcantly up-
regulated in bees from high-infested versus low-infested colonies.
These include genes involved in carbohydrate metabolism, protein
modiﬁcation by glycosylation, proteases and lipid metabolism. Due
to their speciﬁc tasks, foragers and nurses have different energetic
and nutritional needs (Toth and Robinson, 2005); therefore, the
observed differences in the expression of genes involved in meta-
bolism could also be regarded as a side effect of the accelerated
behavioural maturation commented above.
Genes involved in muscle activity and locomotion were also
differentially expressed between bees from high- and low-infested
colonies. These included the aforementioned GB45779, which en-
codes for UNC93 protein involved in regulation or coordination of
muscle contraction in Caenorhabditis elegans (Levin and Horvitz,
1992), up-regulated in presence of high infestation levels and
GB45180, which encodes for myosin-1-like, an ATP dependent
motor protein involved in muscle contraction, down-regulated in
bees from high-infested colonies. The differential expression of
these genes may be correlated with the previously observed effects
of mite infestation on the behaviour of infested bees which show a
reduced activity within the colony (Annoscia et al., 2015). Altered
expression of these genes may also result from the impairment of
nutritional uptake associated to the parasitization or disease
(Aronstein et al., 2012).
3.1.2. Infested and non-infested newly emerged bees (Experiment 2)
DWV infection levels in newly emerged bees, as assessed fromFig. 3. Proportion of DWV mapped reads in newly emerged artiﬁcially infested bethe number of reads mapping to viral genome, are reported in
Fig. 3. Despite the high within-group variability, the infection level
showed a general increase according to mite infestation.
The analysis of the transcriptome of newly emerged bees, non-
infested or infested with 1 or 3 mites, identiﬁed 254 genes
(Table S1) signiﬁcantly differentially expressed across the three
treatment groups (p < 0.01). Ninety-three DEGs among the three
treatment groups had Drosophila orthologs and were used for a
gene ontology analysis, which did not reveal any signiﬁcantly
overrepresented gene ontology category.
As in the Experiment 1, Varroa parasitization inﬂuenced the
expression pattern of several genes involved in immunity and
behavioural maturation. These included a beta 1.3-glucan recog-
nition protein 1 (GB42815) and a peptidoglycan recognition protein
(GB47805) that are both possible indicators of bacterial infections
and were down-regulated in infested bees.
Mite infestation also affected the expression of the vitellogenin
gene (Vg, GB49544) which plays a central role in honey bee worker
behavioural maturation, in that levels of vitellogenin are higher in
nurses versus foragers, and decreasing levels of vitellogenin ac-
celerates behavioural maturation of workers (Amdam et al., 2011;
Nelson et al., 2007). Vitellogenin also plays a signiﬁcant role in
immunity as a zinc transporter (Amdam et al., 2004a).
Notably, in newly emerged bees of Experiment 2, vitellogenin
expression was down-regulated in case of mite infestation.
Although vitellogenin dynamics are complicated (Amdam et al.,
2004b), the observed down regulation of vitellogenin supports a
possible accelerated behavioural maturation of these bees.
3.1.3. Infested and non-infested adult bees (Experiment 3)
In the adult uninfested bees, the proportion of mapped reads
related to DWV was almost null (0.1%) while 45% of reads mapped
to the DWV genome in the infested individuals (Fig. 4).
Transcriptomic analysis of adult (2 days old) artiﬁcially infested
bees revealed signiﬁcant differences in the expression level of 1333
genes (Table S1) according to the infestation. In total, 292 genes
were down-regulated while 1041 were up-regulated in Varroa
infested versus non-infested bees. Only 355 DEGs had Drosophila
orthologs and were used for the gene ontology analysis. Some
ontology categories were found to be enriched (p < 0.05) only in the
case of genes up-regulated as a consequence of mite infestation;
these included DNA binding and transcriptional regulation, neurones. The proportion of DWV mapped reads increases with the infestation level.
Fig. 4. Proportion of DWV mapped reads in adult uninfested and infested bees. The proportion of DWV mapped reads in non-infested bees was very low and signiﬁcantly higher in
parasitized bees.
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As in Experiment 1, several DEGs play a role in immune function
(Evans et al., 2006; Ryabov et al., 2014). This include up-regulation
of genes encoding antimicrobial peptides in infested bees, and
changes in expression of Argonaute 3 (GB49909; Brennecke et al.,
2007) and a RISC loading complex (GB47214; Brutscher et al.,
2015), which are involved in the RNAi pathway. The RNAi
pathway plays an important role in antiviral response, and altered
expression levels of these genes may be related to the observed
increase in viral titers. Additionally, infestation by mites, or the
concurrent viral infection, affects the expression of Dorsal-2
(GB42472), a transcription factor of the NF-kB family playing a
central role in the Toll pathway (Evans et al., 2006). In infested bees,
the down-regulation of dorsal was paired with the up-regulation of
cactus (GB44055), a NF-kB inhibitor whose signal dependent
degradation is needed for dorsal activation and the subsequent
transcription of several antimicrobial peptides (Evans et al., 2006).
According to Nazzi et al. (2012), dorsal plays a critical role in anti-
viral defence in bees such that its down-regulation is linked to
increased DWV replication. The role of this gene in antiviral defence
has been supported by a study showing that a treatment with the
neonicotinoid insecticide clothianidin, that indirectly targets the
same gene, results in high levels of DWV replication (Di Prisco et al.,
2013). Interestingly, the role of dorsal in antiviral defence does not
seem to be restricted to honey bees, since it has been shown that
the Toll-Dorsal Pathway is required for resistance to viral oral
infection in the fruit ﬂy as well (Ferreira et al., 2014). The observed
effect on dorsal appears to be particularly interesting in view of the
increased viral infection in mite infested bees conﬁrmed in this
study.
A large group of DEGs are involved in nervous system function
in response to olfactory stimuli (odorant and gustatory receptors)
and biogenic amine signaling (octopamine receptor 2 (GB43263)
and D2-like dopamine receptor (GB42577)). These changes may be
related to an accelerated behavioural maturation in response to
Varroa infestation (Annoscia et al., 2015; Even et al., 2012). Finally,
expression of a nicotinic acetylcholine receptor was down-
regulated, which may be related, as discussed before, to an inter-
play between immunity and nervous system (Olofsson et al., 2012).
As before, many DEGs are involved in metabolic processes. We
observed up-regulation, in presence of Varroa, of an insulin geneenhancer protein (GB45757). This gene is part of the Insulin/
insulin-like growth factor signalling pathway (IIS), a nutritional
pathway, immunity related, involved in the regulation of worker
division of labour (Ament et al., 2008). Varroa infestation caused
the up-regulation of another nutritional related gene, malvolio
(Mvl, GB54097). Malvolio is a manganese transmembrane trans-
porter involved in sucrose responsiveness whose up-regulation in
case of Varroa mite infestation was previously observed (Alaux
et al., 2011). Malvolio appears also to inﬂuence behavioural matu-
ration and seems to be involved in a precocious foraging (Ben-
Shahar et al., 2004). Moreover, several DEGs play a role in lipid
metabolism, including GB50321 (a lipid A export ATP binding/
permease protein), GB42475 (a phospholipase B1), GB43510 (a
pancreatic triacylglycerol lipase like). Furthermore, the down-
regulation of a fatty acid amide hydrolase (GB8850) and the up-
regulation of acyl-CoA Delta desaturase like (GB40659) were
observed in infested bees. Lipid metabolism is involved in behav-
ioural maturation (Toth and Robinson, 2005); old bees show an
increase of lipid loss during the shift from nurses to foragers
(Ament et al., 2011) according to a different resources demand.3.1.4. Intersections between the three lists
Two transcripts were up-regulated in all experiments (Fig. 5a):
GB45601, corresponding to the S. alvi genome, and GB47064, a zinc
ﬁnger protein. Twenty-six genes were up-regulated both in bees
fromhigh-infested colonies and individual adult bees (Experiments
1 and 2) while 18 up-regulated genes were in common in both
datasets corresponding to the caged bees (Experiments 2 and 3).
Only one genewas up-regulated in both colony and newly emerged
bees.
No genes were down-regulated in presence of Varroa in all the
experiments. Four genes (Fig. 5b), including three isoforms of the
same gene, were down-regulated in both the colony-reared bees
and adult laboratory reared bees. Laboratory reared bees (newly
emerged and adult bees) had two down-regulated genes in com-
mon (Fig. 5b).
No genes were up or down-regulated both in adult infested bees
and newly emerged bees which were sampled immediately after
eclosion, before they had access to food, social interactions and
other environmental factors, suggesting a substantial contribution
of age and environment on the effects of parasitism.
Fig. 5. a Overlapping of the up-regulated genes among the three experiments (Experiment 1 ¼ colony bees, Experiment 2 ¼ newly emerged bees, Experiment 3 ¼ adult bees). b.
Overlapping of the down-regulated genes among the three experiments (Experiment 1 ¼ colony bees, Experiment 2 ¼ newly emerged bees, Experiment 3 ¼ adult bees). Venn
diagrams created with Venny 2.1.0 (Oliveros, 2007e2015).
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Fig. 6. a Comparisons between high and low infested colony DEG overlaps with
forager and nurse genes (Ament et al., 2011). b Comparisons between infested and
uninfested newly emerged bee DEG overlaps with forager genes and nurse genes. c
Comparisons between infested and uninfested adult bee DEG overlaps with forager
genes and nurse genes. The data above is represented as proportions of the genes from
each group in the total number of overlapping genes for each experiment.
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To test if the gene expression pattern observed in bees from
high-infested colonies is consistent with the hypothesized accel-
erated behavioural maturation caused by mite infestation, we
compared our DEG lists with a list of genes that are typically
differentially expressed between nurses and foragers (Ament et al.,2011). As highlighted in Fig. 6a, there is a signiﬁcant overlap in
genes up-regulated in bees from high-infested colonies (compared
to low-infested colonies) and genes upregulated in foragers
(compared to nurses). The same analysis with newly emerged bees
(Experiment 2) revealed a limited overlap between the genes
upregulated in infested newly emerged bees and those upregulated
in forager bees, possibly due to the very young age of the bees used
in this experiment (Fig. 6b). However, as expected, there was a high
overlap between genes upregulated in uninfested bees and those
upregulated in nurses. The analysis using cage-reared adult bees
(Experiment 3), found similar results as in Experiment 1 (Fig. 6c).
Overall, these results support the hypothesis that Varroa infestation
shifts expression proﬁles to be more “forager-like” and less “nurse-
like”.
It is interesting to note that in the case of laboratory reared bees,
the uninfested ones appear to be more “nurse-like” than the
infested are “forager-like”. This, together with the fact that, in ﬁeld
bees, the more “forager-like” appearance of infested bees can be
noticed, supports the conclusion that the “forager-like”metabolism
caused by mite infestation can be displayed only in the context of
the social environment of the colony.
3.2. Conﬁrmation of the expression pattern of some genes and their
possible use as biomarkers of Varroa induced stress (Experiment 4)
Several genes were found to be differentially expressed across
the experiments, which suggested they could serve as biomarkers
of Varroa-induced stress on worker bees. In particular, we focused
on the following genes: hymenoptaecin, PGRP S2, UNC93, S. alvi,
apid 73, zinc ﬁnger 717, Beta-1,2-grp2, cytochrome p450 6AS10,
vitellogenin. We analyzed levels of vitellogenin because previous
studies suggested it can serve as a good marker for colony health
and overwintering survival (Dainat et al., 2012; Smart et al., 2016),
though in our study its expression patterns were not consistent
across experiments.
To test the suitability of these genes as potential biomarkers of
mite induced stress, in Experiment 4 we analysed their relative
expression, using qRT-PCR, in bees collected from a new set of
colonies. We compared their expression in bees sampled from eight
colonies in June, when the infestation level is still low, and October,
when the number of infesting mite approaches its maximum, un-
der the environmental conditions where the experiment was car-
ried out and the mite induced decline of bee colonies becomes
apparent (Nazzi et al., 2012).
Five of the candidate genes (i.e. hymenoptaecin, PGRP S2, UNC93,
p450 6AS10 and the glucan recognition protein) displayed an
expression pattern consistent with the results obtained from the
transcriptomic analysis. Among the candidate genes, two (antimi-
crobial peptide apidaecin and zinc ﬁnger protein 717) showed a
trend opposite to that observed in the samples used for the tran-
scriptome analysis. Unfortunately, S. alvi showed an abnormal
ampliﬁcation curve and was discarded. Vitellogenin levels were
signiﬁcantly lower (p < 0.05) in bees collected from high-infested
colonies compared to the low-infested ones (Fig. 7).
Vitellogenin is associated with a variety of functions in adult
worker bees (Page and Amdam, 2007). Levels are higher in nurse
bees if compared with foragers, and vitellogenin serves as a storage
protein that can be used by nurses to produce brood food (Amdam
et al., 2003). Additionally, high vitellogenin titers keep juvenile
hormone levels low, thereby slowing behavioural maturation to
foragers and potentially initiating the production of long-lived
winter bees (Doke et al., 2015; Fluri et al., 1982). Previous studies
have found that parasitization with Varroa produced workers that
accumulate signiﬁcantly fewer haemolymph proteins, including
vitellogenin (Amdam et al., 2004b). Other studies found that
Fig. 7. Relative gene expression of the possible infestation markers. The analysis was performed on pools of 10 workers bees collected from the centre of eight hives in June, when
the infestation level is still low and October when it is higher.
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status and winter survival (Dainat et al., 2012; Smart et al., 2016).
Notably, our colonies were sampled in October: at this stage, the
colonies should have produced winter bees with high levels of
vitellogenin (Doke et al., 2015). The fact that levels were low as
compared to bees collected from the same colonies in June further
suggests that Varroa parasitization had a signiﬁcant impact.4. Conclusions
The approach adopted in this study and recently in other
(Doublet et al., 2017) allowed us to assess the effect of mite infes-
tation in a number of different situations, both under ﬁeld and lab
conditions.The experimental plan helped to minimize the effect of
possible confounding factors allowing the investigation of the most
likely biological effects of the parasite and associated virus on its
host and to learn more from analyses of responses to Varroa and
other stressors across multiple contexts.
The possible effects of mite infestation at the genomic level are
complex and involve a large number of different biologicalprocesses and pathways; however, some recurring themes were
revealed in this study.
Overall, bees exposed to high infestation pressures, both under
ﬁeld and lab conditions, showed an altered expression of genes
involved in immunity and response to stress, behaviour (particu-
larly behavioural maturation), nervous system function and ener-
getic metabolism (Fig. 8). In particular, we observed signiﬁcant
effects on the canonical immune pathways, primarily Toll, and a
generalized impact on AMPs level. This response, previously
observed in other studies, could be related to secondary infections
triggered by the mite. The observed effect of parasitization on the
bee's metabolic processes in newly emerged and young adult bees
was somewhat predicted, since the mite removes substantial
amounts of haemolymph - and the nutrients that it carries - as it
feeds on the pupal stages of the bees. In the colony, a high infes-
tation level (as in Experiment 1) could result in impaired metabolic
processes of individual bees due to long-term impacts of parasiti-
zation during pupal stages, or a reduced population size and a
related reduction in the capacity to collect sufﬁcient stores.
Our transcriptomic studies agree with the subsequent ﬁeld
Fig. 8. Effects of Varroa mite parasitization on the honey bee transcriptome. Varroa infestation causes direct and indirect effects on important functions of its host: metabolism,
defense, nervous system function and behaviour.
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good candidates as markers of infestation: PGRP-2, p450 6AS10,
hymenoptaecin, the glucan recognition protein and UNC93.
Furthermore, the reliability of vitellogenin, a yolk protein previ-
ously identiﬁed as a good marker of colony survival that is involved
in caste division of labour, immunity response and development
was conﬁrmed here.
Overall, though there was a limited overlap of DEG lists among
experiments, there was high overlap of gene ontology terms and
functions. Although some pathogens (i.e. viruses) trigger expres-
sion changes in dedicated pathways (e.g. antiviral response path-
ways), ectoparasites such as Varroa mites likely impact gene
expression indirectly by disrupting a variety of physiological pro-
cesses, which then result in cascading effects on gene expression,
which may vary depending on the control feedback loops con-
necting them and other factors. Indeed, there were substantial
differences in the response to Varroa infection in newly emerged
bees and older adult bees maintained under laboratory conditions,
suggesting an important effect of age or other environmental factor
(e.g. social interactions, access to food) on the pattern of gene
expression.
Unraveling the mechanisms modulating - and mitigating - the
responses to Varroa infestation will help us to better understand
the complex physiology of honey bees and develop new approaches
to managing the health impacts of Varroa infestation in the ﬁeld.
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